Colonization studies of both natural and artificial substrates are becoming increasingly common for academic reasons and as pollution assessment techniques. Techniques involving substrate introduction into aquatic systems have l)een refined and adapted for studying decomposition, colonization, energy flow, and organism collection. Cooke (1956), Sladeckova (1962) , and Wetzel (1964) have contributed extensive reviews of artificial substrate use; Cairns et al. (1969) have shown polyurethane foam to be an effective sampling device for protozoa. Kaushik & Hynes (1968 , Petersen & Cummins (1974) , and others have demonstrated the value of natural substrate placement in energetic evaluations. IHowever, the visual aspects of the colonization process are not customarily included in these studies.
Early investigations on microbial colonization and succession on glass slides were conducted by Henrici (1933), Karsinkin (1934) , and Gause (1936); later, on glass and plastic surfaces by Spoon & Burbanck (1967) ; and on plexiglass by Allen (1971) and . Although organisms collected by polyurethane foam substrates have received considerable attention, colonization and the means by which foam substrates support colonization have not been studied. Leaf material substrates in aquatic environments have also been of interest, due to the wide variety of microorganisms and invertebrates which they nutritionally support. Few authors, however, have presented direct visual evidence of leaf material colonization.
Among those who have documented colonization of natural substrate material in fresh-water environments by scanning electron microscopy (SEM) are Suberkropp & Klug (1974) , who reported seasonal changes in leaf surface microorganisms of a small stream, and Paerl, who showed structural modification of detritus and commented on the nutrition of organisms colonizing organic particles in Lake Tahoe (Paerl, 1973 (Paerl, , 1974 Paerl et al., 1975) . Due to the increased difficulties of studying large river systems, leaf decomposition and colonization in these systems remains largely uninvestigated. However, Mathews & Kowalczewski (1969) reported that, unlike small headwater streams, leaf degradation in the River Thames was due to microbial action alone, despite the fact that invertebrates were associated with the decomposing plant material. The presence of microbes was assessed by weight, caloric, and nitrogen changes in exposed leaves, but was not documented photographically.
Willer ( Because scanning electron microscopy provides superior resolution and depth of field, this technique was chosen to monitor progressive colonization of artificial substrates in a lentic (standing water) system as well as artificial and natural substrates in a lotic (flowing water) environment. This method also facilitates comparison of relative material accumulation and differential colonization of substrate areas, in addition to indicating associated decomposition or changes in the substrate itself.
MATERIALS ANI) METHODS
Sycamore (Platanus occidentalis L.) leaves from a single tree were collected immediately prior to abscission during fall 1975. They were air dried and stored in polyethylene bags until used. Two cm disks were punched from distilled water-softened sycamore leaf blades, dried at 50 C, and sewn into 10 X 10 cm nylon bags with a mesh opening of 3 mm. Two cm disks of polyurethane foam with a 1 cm thickness were enclosed in identical bags and fastened with stainless steel straight pins to artificial substrates, as previously described by Cairns & Yongue (1974) .
Leaf disk and foam disk bags were anchored to concrete blocks and placed in the New River near Glen Lyn, Virginia, on 21 March 1976. On the same date, the foam disks were suspended at the surface of Pandapas Pond (Montgomery County, Virginia). New River leaf material was retrieved after exposures of 10 days, 3, 4, 6, 8, and 14 weeks. Foam disks from the New River were collected at 10 days, 3, 4, and 6 weeks. Pandapas Pond foam disks were collected 1, 6, 15, and 21 days following placement.
On retrieval, all disks were placed in vials of water from the collection site. New River samples were subsequently fixed with formaldehyde-acetic acidalcohol for 24 h, and Pandapas Pond disks were fixed in a mixture of 2% osmium tetroxide and saturated mercuric chloride for 15 min, as described by Parducz (1967). All material was washed for 12 h in running distilled water, dehydrated in a graded alcohol series, and transferred to 100% acetone. To minimize loss of leaf cuticle, each dehydration step was limited to 10 min. Material was then dried with a Polaron critical-point dryer using liquid CO2, mounted on stubs with conductive silver paint, vacuum coated with gold palladium, and examined with an AMR, Model 900, scanning electron microscope. Control leaf material and polyurethane foam were processed according to the above protocol.
RESULTS AND DISCUSSION
Microbial colonization of New River leaf material (Figs. 1-18 ) was rapid and organism density increased with time. Substantial colonization was achieved after 10 days (Figs. 3, 4 (1974) . The attraction of microbial populations to stomates may be further enhanced by the leaching of nutritionally valuable water soluble compounds from internal tissues through these openings. Because leaching from sycamore leaves has been shown by Kennedy & Paul (1976) to be essentially complete after one week, it is not surprising that microbial attachment is rapid and well established by 10 days.
Heavy fungal growth in close proximity to leaf veins and particulate organic matter collection near stomates characterized colonization of the lower leaf surface after three weeks of river exposure (Figs. 5, 6 ). The structural integrity of the tissue was retained despite fungal penetration and decompositional activity at this time. Leaf material exposed for four weeks (Figs. 7, 8) showed further colonization, particularly in the areas adjacent to stomatal openings. Vein colonization (Fig. 8) appeared to be more advanced at this stage with fungal mycelia obscured by organic debris and silt mats.
After six weeks of exposure, stomata and the surrounding epidermal cells (Fig. 9 ) appeared to be decomposing under colonizing bacterial attack, and cuticle peeling occurred near the vein surface (Fig. 10) . Silt, organic debris, and particularly pennate diatom accumulations marked vein areas (Fig. 12) at eight weeks. In addition to these aggregations of detritus, stomata (Fig. 11 ) also show heavy colonization and fairly uniform coverage by bacteria.
The effect of colonizing decomposers on natural substrate integrity was noticeable after 14 weeks of exposure (Figs. 13-18) . The substrates then exhibited little further fungal colonization on the surface, suggesting that fungal activity at this point in the colonization and decomposition processes was occurring in the leaf interior and that degradation at the surface was primarily bacterial. When one compares 8-and 14-week samples, a shift from large detrital accumulations to smaller, more uniform, debris coverage is seen. Stomal guard cells in 14-week samples (Fig. 13) were no longer normal in appearance and showed signs of degradation.
Vascular tissue exhibited heavy buildups of debris (Fig. 14) and the collapse of external cells (Fig. 18 ) after 14 weeks. Stomatal cells exposed for the same period (Fig. 13) showed that fungal mycelia were virtually absent at the surface. Degradation in the vicinity of veins was apparently the result of early colonization, penetration of fungal mycelia, and the differential colonization of these areas when compared to the balance of the leaf blade (Figs. 4, 6) . (Fig. 17) and is presumably due to the higher fiber content in the veins than in the leaf blade as a whole. Despite earlier colonization, the rate of leaf vein decomposition seen in this study supports the findings that leaves with higher lignin contents decompose more slowly than those with lower cell wall lignin, as discussed by Wetzel (1975) The rapidity with which colonization occurred was surprising, especially when artificial substrates were considered. Artificial substrate colonization in the New River (Figs. 19-24) Comparison of control (Fig. 19 ) and 10-day (Fig. 20) foam disks showed that, unlike leaf substrates where fungi and bacteria were early colonizers, small diatoms were the first organisms to appear on the polyurethane foam. These observations support Skerman's (1956) and Sieburth & Thomas' (1973) premise that initial bacterial colonization is not necessary for ensuing organism accumulation. Apparently, the secretion of algal slime substances during their attachment (Fritsch, 1935) also serves to influence the accumulation of organic matter and silt at three weeks (Fig. 21) . The presence of these small particles was restricted to the polyurethane "pillars" and was attributed to the previous algal colonization.
15, 16). It is interesting to note that vascular tissue appears to be more resistant to degradation than the epidermis
Further aggregation of organic matter, algae, and bacteria seen at f-our weeks (Fig. 22) (Fig. 19). Figs. 27, (1975) suggests. Bacterial secretion may enhance organic debris retention seen after 15 days (Figs. 29, 30 ), but the amount of accumulation was slight. Filamentous algae were the predominant colonizers of foam exposed for three weeks (Figs.  31, 32) . The collection of organic matter and organisms in Pandapas Pond samples at three weeks was less than for the New River samples during the same exposure period (Fig. 21) . The differential accumulation of material was probably due to a faster water exchange rate through the New River samples.
Protozoan colonization of polyurethane foam substrates may be rapid or gradual, reaching equilibrium after ca. 1-5 weeks (Cairns et al., 1969; . Colonization of these substrates by these organisms and others is probably enhanced by organism and organic debris resource accumulation.
The ways in which lentic and lotic artificial substrates became colonized appeared to differ. However, in both environments bacteria or algae were the primary colonizers. These organisms apparently condition the substrate by their secretions and physically enhance the opportunity for the aggregation of organisms, organic matter, and debris as Allen (1971) 
